Understanding the reactivity and spectroscopy of aqueous solutions at the atomistic level is crucial for the elucidation and design of chemical processes. However, the simulation of these systems requires addressing the formidable challenges of treating the quantum nature of both the electrons and nuclei. Exploiting our recently developed methods that provide acceleration by up to two orders of magnitude, we combine path integral simulations with on-the-fly evaluation of the electronic structure at the hybrid density functional theory level to capture the interplay between nuclear quantum effects and the electronic surface. Here we show that this combination provides accurate structure and dynamics, including the full infra-red and Raman spectra of liquid water. This allows us to demonstrate and explain the failings of lower-level density functionals for dynamics and vibrational spectroscopy when the nuclei are treated quantum mechanically. These insights thus provide a foundation for the reliable investigation of spectroscopy and reactivity in aqueous environments.
The ability to perform simulations that allow for the making and breaking of bonds in aqueous environments is essential for the description of a wide range of chemical processes. Ab initio molecular dynamics (AIMD) simulations achieve this by performing dynamics where the interactions are evaluated on the fly from electronic structure calculations. These simulations provide access to a wide variety of dynamical properties, ranging from diffusion coefficients and reorientation times to reaction rates and spectroscopy. However, obtaining the relevant time correlation functions to converge these properties in solution typically requires simulations of hundreds of picoseconds. Hence, with the conventionally required time steps of ∼0.5 fs, hundreds of thousands of electronic structure calculations are needed. This cost further increases dramatically if one also wants to treat nuclear quantum effects (NQEs), which have been shown to decrease the water band gap by up to 0.7 eV [1, 2] , increase acid dissociation constants in enzyme active sites by almost four orders of magnitude [3] , and are essential for simulating atmospheric isotope separation processes [4] . NQEs can be included exactly for static properties and approximately for dynamics using path integral methods that map the problem onto a series of replicas of the classical system connected by harmonic springs. The centroid molecular dynamics (CMD) [5, 6] and ring polymer molecular dynamics (RPMD) [7, 8] approaches employ this framework to approximate dynamical properties. However, 30-100 replicas are typically needed for aqueous systems at room temperature, increasing the total number of electronic structure calculations well into the millions.
This cost has severely limited the ability to obtain dynamical properties from classical AIMD simulations and completely prevented their convergence in path integral AIMD simulations of condensed phase aqueous sys- * tmarkland@stanford.edu tems. The problem has been compounded by the limitations of the generalized gradient approximation (GGA) density functionals, the most common choice for condensed phase AIMD simulations, as well as by technical issues [9] . GGA functionals have been observed to produce aqueous solutions that are overstructured and exhibit glassy dynamics. However, recent work has shown that these issues are significantly alleviated when larger basis sets [1, 10] and dispersion corrections [11] are used. Additionally, increases in computational power and methodological developments have recently made higher rungs of the density functional theory (DFT) ladder, such as hybrid, meta-GGA, and non-local correlation density functionals, accessible for classical AIMD simulations of liquid water, albeit with considerable computational effort [12] [13] [14] [15] . The accuracy of these functionals in benchmark calculations of hydrogen bonded systems suggests they could provide an improved description of the condensed phases of water [9, 16] .
Recently, we have shown that one can accelerate path integral AIMD calculations by almost two orders of magnitude [17, 18] by combining ring polymer contraction [19] [20] [21] (RPC) with a multiple time stepping (MTS) propagation scheme [22] . These methods use a reference system, which provides a cheap approximation to interactions over short distances and short time scales, to dramatically reduce the number of full electronic structure calculations required to evaluate interactions along the quantum path and to evolve it in time, respectively. While other choices of reference system are possible [12, [23] [24] [25] , in this work we use self-consistent charge density functional tight binding (SCC-DFTB), which allows us to evaluate the full electronic structure on a single replica instead of the whole 32-replica path and to use that evaluation to propagate for a much larger time step of 2 fs. This reduces the total number of full electronic structure calculations needed for an ab initio path integral simulation of hundreds of picoseconds from millions to tens of thousands.
Here we apply these methods to obtain almost nanosec-ond time scale simulations and thus, for the first time, converged dynamical properties of liquid water with quantum nuclei and the electronic potential energy surface (PES) calculated on the fly at the hybrid density functional theory level. In the revPBE0-D3 path integral simulations the practical speed-up achieved by using RPC and MTS was over 90 fold, i.e. the same computational resources would have provided less than 4 ps of path integral dynamics using a standard implementation. In fact, the speed of our path integral simulations was even 2.5 fold faster than would be obtained from traditional (i.e. without MTS) classical AIMD. These ab initio path integral simulations allow us to calculate the infra-red (IR) and Raman vibrational spectra, reorientation times, and diffusion coefficients, which are all in excellent agreement with experiment. By doing this, we show that the competition between NQEs in water depends sensitively on the density functional's ability to accurately describe the balance between covalent and hydrogen bonding.
The revPBE GGA exchange-correlation functional [26] , which arises from a single parameter change in the exchange enhancement factor in the PBE functional [27] , has recently been suggested to give accurate properties of liquid water when treating the nuclei classically under a wide range of conditions when combined with dispersion corrections [11, 28, 29] . It has also been shown to perform well in benchmark calculations of neutral, protonated and deprotonated water clusters up to large sizes [30, 31] and ice polymorphs [32] when combined with a dispersion correction [33] . These benchmarks also suggest that its hybrid counterpart revPBE0-D3 [30] , which incorporates 25 % exact exchange, reduces the error by a further factor of 2 in the mean absolute deviation [30] , although to our knowledge this functional has not been previously studied as to its condensed phase water properties.
Even classical ab initio molecular dynamics simulations have typically only been performed on time scales of ∼20 ps, which yield statistical error bars of more than 20 % on dynamical quantities such as the diffusion coefficient (see SI Section 3). Due to the efficiency of RPC combined with MTS, it is now also possible to include NQEs in the dynamics of water with hybrid functionals using modest computational resources. Here we perform path integral AIMD simulations with the revPBE-D3 GGA functional for over 700 ps and the revPBE0-D3 hybrid functional for over 300 ps, reducing these errors to below 5 %. By contrasting these highly converged path integral simulations with over 1 ns of classical AIMD simulations, we can thus unambiguously characterize the nuclear quantum effects for these functionals and how they manifest in the structure and vibrational spectroscopy. Figure 1 shows that, consistent with previous simulations [29] , classical nuclei revPBE-D3 simulations at 300 K yield an oxygen-oxygen radial distribution function (RDF) that is in excellent agreement with the latest X-ray data [34] . In addition, Figure 2 demonstrates that our 800 ps of classical revPBE-D3 simulation gives a system size corrected diffusion coefficient of (2.22 ± 0.05) 10 −9 m 2 s −1 , within statistical error bars of the experimental value [35] of (2.41 ± 0.15) 10 −9 m 2 s −1 . Including NQEs leads to a mild structuring of the RDF, consistent with increased local tetrahedrality, as previously observed in other GGA functionals [17, 36, 37] . Owing to the speed increases afforded by RPC, we performed 600 ps of thermostatted RPMD (TRPMD) simulations, which approximately include the quantum dynamics of the nuclei, to obtain a sizecorrected value for the quantum diffusion coefficient of (1.60 ± 0.05) 10 −9 m 2 s −1 . This decrease in the diffusion coefficient of ∼30 % upon including NQEs is consistent with the increased structure observed in the O-O RDF. A similar slowdown is observed in the orientational correlation times in Table S1 which again shifts revPBE-D3 properties with quantum nuclei away from experiment. This failure is most evident in the IR and anisotropic and isotropic Raman vibrational spectra (Figures 3 and  4) . While the IR spectrum is given by temporal correlations of the total dipole moment of the system, the Raman spectra are determined by those of the polarizability tensor (see SI Section 7 for details). These spectroscopies are thus sensitive to different motions in the system, and hence assessing all three provides a broader window on the successes and failures of a computational approach. While the revPBE-D3 functional with classical nuclei is, remarkably, in essentially perfect agreement with experiment, adding NQEs reveals the classically concealed fun- damental shortcomings of the GGA functional. We computed the vibrational spectra using both TRPMD [38] and partially adiabatic CMD (PACMD) [39, 40] . Both of these approaches have similar origins and give very similar predictions for diffusion constants and orientational correlation times [38] but have established deficiencies when used to compute IR spectra [40] [41] [42] . However, while TRPMD and PACMD can differ in O-H stretch peak widths for water at 300 K, they have been shown to give consistent quantum effects on IR peak positions [43] . This is shown in the top panel of Figure 3 , where for revPBE-D3 both the TRPMD and PACMD spectrum exhibit a large red tail in the O-H stretch region (2500 cm −1 to 4000 cm −1 ) as well as a shift of the H-O-H bend (1500 cm −1 to 1700 cm −1 ) and a distortion of the far IR region (300 cm −1 to 1000 cm −1 ). This suggests that these changes in the spectra are not artifacts of the quantum dynamics approach. In addition, these deviations are not removed by using a hybrid functional to calculate the dipole moment using the structures generated from the revPBE-D3 GGA simulations (see Figure  S9 ). The Raman spectra in Figure 4 show similar features, confirming the deficiencies of the GGA functional. These results therefore indicate that the remarkable ability of revPBE-D3 to reproduce the structure and dynamics of water in classical simulations arises partially from a fortuitous cancellation between errors in the functional and the neglect of NQEs. Once NQEs are included, this cancellation breaks down and the deficiencies of the electronic PES become apparent.
As seen in Figure 1 and Figures S1 and S2, including exact exchange has virtually no effect on the classical structure, consistent with previous observations for the PBE functional [12, 46] . However, it does modulate the size of NQEs, decreasing their structuring influence such that the quantum effect on the O-O structure is close to zero for revPBE0-D3. More pronounced changes are seen in the dynamics, where the hybrid diffuses and reorients faster than its GGA counterpart in classical sim- revPBE0-D3 classical revPBE0-D3 TRPMD revPBE0-D3 PACMD Experiment Figure 3 . Infra-red absorption spectra. IR spectra calculated using either classical dynamics or approximate quantum dynamics (TRPMD and PACMD) at T=300 K are shown in the top panel for the revPBE-D3 density functional and in the bottom panel for the revPBE0-D3 functional. The experimental result [44] is shown as gray shading for reference.
ulations. Once again, the size of NQEs is reduced, with the TRPMD and PACMD simulations giving excellent agreement with the experimental data. In contrast to the GGA case, the simulations including NQEs now exhibit better agreement with experiment than the classical simulations, as should be expected since the nuclei in water are indeed quantum particles.
The change upon including exact exchange is perhaps most pronounced in the case of the vibrational spectra, where in the classical case it leads to a blue shift of the O-H stretch and, to a lesser extent, the bend region, as shown in Figure 3 . This leads to worse agreement with experiment, which is rectified upon quantizing the nuclei, with both PACMD and TRPMD showing a red shift of the revPBE0-D3 peaks (bottom panels of Figures 3 and 4) . The red shift in the IR spectrum upon including NQEs of ∼200 cm −1 in the position of the O-H peak maximum and ∼50 cm −1 in the bend maximum is broadly consistent with those observed previously for water models of varying sophistication [40, 43, 47, 48] . Additionally, the distortion of the far IR region is not present with the hybrid functional. Similar shifts of the O-H peak upon nuclear quantization occur in the Raman spectra in Figure 4 .
The resulting IR and Raman spectra for revPBE0-D3 including NQEs are in good overall agreement with experiment, with PACMD showing a slightly better match in the O-H stretch region of the IR spectrum and TRPMD showing an artificial broadening of the peak, Raman scattering spectra. Anisotropic (top panel) and isotropic (bottom panel) Raman spectra obtained with the revPBE-D3 and revPBE0-D3 density functionals and either classical dynamics or approximate quantum dynamics (TRPMD and PACMD) at T=300 K are compared to experimental results [45] shown as gray shading. All the spectra are shown multiplied by the Bose-Einstein correction 1 − exp(−βhω).
which appears more pronounced than for empirical potentials [43] . Figure 4 shows that this excellent agreement of revPBE0-D3 PACMD continues to the Raman spectrum, where it also captures the bending and libration mode combination band at 2125 cm −1 in the anisotropic spectrum which is present but less distinct in the IR spectrum.
Is there a structural origin of these vibrational peak shifts? To investigate this, we consider the proton sharing coordinate δ = d OH − d O H , where d OH and d O H are the distances of the proton from the hydrogen bond donor and acceptor oxygen atoms, respectively. Due to the large amount of zero-point energy in the O-H stretch added upon quantization (equivalent to raising the temperature of that coordinate by ∼2000 K), the distribution along this coordinate is noticeably changed. In particular, there is a large increase in proton sharing in the hydrogen bond, which in extreme cases has been previously suggested to even lead to "proton excursion" events [49] , where the proton is transiently closer to the acceptor than the donor oxygen (δ > 0). In our simulations these proton excursions are substantially less common than in previous studies [49, 50] , with none observed with classical nuclei and only 0.005 % and 0.0009 % of protons exhibiting them in the GGA and hybrid path integral simulations, respectively. The reasons for these differences are two-fold. Firstly, the functionals employed in those studies all give rise to excessive hydrogen bonding, which is manifested in their overstructured RDFs and sluggish dynamics. Secondly, those studies were performed with the PIGLET approach [51] which, by maintaining a nonequilibrium steady state distribution using colored noise, can overestimate extreme fluctuations in the tails of position distributions [52] . log(probability density) Figure 5 . Proton sharing in hydrogen bonds. Probability distributions of the proton sharing coordinate δ from classical and path integral simulations at T=300 K are shown in linear (top panel) and logarithmic scale (bottom panel). The definition of the coordinate is shown as an inset. The value is defined for each hydrogen atom in the system using the two nearest oxygen atoms.
As shown in Fig. 5 , even though NQEs do not lead to a large number of excursions, they still increase proton sharing, with the GGA showing a larger effect than the hybrid. Since the low frequency side of the O-H vibrational band is typically associated with strong hydrogen bonds, one might expect these highly shared protons to lead to low frequency O-H stretches. Figure 6 shows the instantaneous O-H stretch frequency, computed from the vibrational density of states (VDOS) of the proton, plotted against its proton sharing coordinate δ (see SI Section 5 for details). In all cases the frequency of that proton does indeed decrease as the proton sharing increases (δ → 0). The exact exchange in the revPBE0-D3 hybrid functional tightens the O-H covalent bond, leading to less proton sharing and hence shifting the O-H frequency distribution back to the correct range. Fortuitously, the revPBE-D3 GGA functional gives a very similar frequency-δ correlation when used with classical nu-clei, albeit for the wrong reasons -the erroneously loose O-H covalent bonds compensate for the lack of NQEs. Relationship of proton sharing and vibrational frequencies. Correlation of the instantaneous frequency of the O-H stretch and the corresponding proton sharing coordinate δ for revPBE-D3 classical MD (top panel), revPBE-D3 TRPMD (middle panel), and revPBE0-D3 TRPMD (bottom panel) at T=300 K, is shown as a two-dimensional probability distribution. We use a Hann window of total width 300 fs to obtain the instantaneous frequency and convolve the value of the δ coordinate, as detailed in the SI.
In conclusion, utilizing our latest developments it is now possible to perform path integral simulations long enough to isolate the effects of nuclear quantization on the dynamics and structure of ab initio liquid water. Our results demonstrate that NQEs can and indeed should be routinely included in ab initio simulations of 100's of atoms on time scales approaching nanoseconds. The simulations have allowed us to uncover the interplay between the features of the DFT electronic PES and the motion of the quantum nuclei on that PES. In particular, the overall strength of hydrogen bonding and the resulting dynamics sensitively depend on the balance between covalent bonding and proton sharing. This balance is disrupted in the GGA functional when NQEs are included, which manifests as a slight structuring and, importantly, a substantial slowing down of dynamics and distortion of vibrational spectra. This work thus explicitly exposes how the shortcomings of GGA functionals manifest in the properties of liquid water when NQEs are included. This has been hinted at in benchmarking studies where GGA functionals were shown to give larger errors in relative potential energies than hybrids when path integral, rather than classical configurations were used [36, 53] . On the other hand, the revPBE0-D3 hybrid functional PES correctly balances the NQEs on hydrogen bonding, yielding the excellent agreement we see between our simulations and experiment.
These results add to the rapidly emerging picture of competing quantum effects on the hydrogen bond, which were first suggested based on simple empirical models with anharmonic O-H stretch terms [54] , but have since been extended to explain a wide range of effects [4, 36, 50, [55] [56] [57] [58] . Our use of advanced electronic surfaces generated on the fly now makes it abundantly clear that many static and dynamical properties of bulk liquid water at ambient conditions are determined by an almost perfect cancellation of quantum effects. For example, the NQE on the diffusion coefficient of revPBE0-D3 corresponds to the value obtained from just a 7 K decrease in temperature (see SI Section 3). This is in contrast with earlier studies suggesting much larger NQEs on diffusion, with increases by up to a factor of 2 [47, 54, [59] [60] [61] [62] [63] . Indeed, recently revised diffusion coefficients obtained for the MB-pol PES, which was fit to high-level ab initio calculations, now also similarly show close to zero NQEs [64] . However, it is clear that one cannot expect this level of compensation in general -at other thermodynamic state points, at interfaces or in the presence of other hydrogen bonding species.
In summary, by using path integral simulations to include NQEs, we have shown that it is possible to obtain accurate structure, dynamics and spectroscopy of liquid water from hybrid density functionals. In particular, both NQEs and exact exchange have a pronounced yet opposite effect on the dynamics and vibrational spectra of water, while having only a mild effect on most structural properties. Only a combination of both of these effects together in the revPBE0-D3 path integral simulations results in a balanced description and properties in excellent agreement with experiment. This combination of an accurate electronic PES and treatment of NQEs, which is now computationally tractable by exploiting multiple time scale techniques, thus offers the opportunity to investigate dynamics and spectroscopy as well as reactivity in aqueous systems in a wide range of bulk and heterogeneous environments. 
